Abstract. The aim of this study is to investigate the effects of dam-reservoir interaction on
It has recently been shown by
 Pelecanos et al. [32] 
that the amplification of accelerations at the crest of the dam depends on the combinations of the frequency of the harmonic acceleration load and the fundamental frequencies of the dam and the reservoir. This study considers transient dynamic loading and selected scenarios of different combinations of the abovementioned frequencies are examined under random seismic acceleration load.

It is shown that for certain cases the amplification of accelerations of the dam can be affected by the presence of the upstream reservoir. In general, thin rectangular concrete cantilever dams are found to be considerably more sensitive to dam-reservoir interaction than large trapezoidal earth dams. Therefore, this investigation examines the significance of damreservoir interaction and when this interaction should be taken into consideration or it could be neglected.
INTRODUCTION
The dynamic behaviour of a dam with a full reservoir is different from the behaviour of a dam with an empty reservoir. The motion of the reservoir affects the motion of the dam (because of the induced hydrodynamic pressures [7, 8] ) and vice-versa. This phenomenon is called dynamic dam-reservoir interaction (DRI) and it could be catastrophic in cases of resonance, i.e. when the two domains (dam and reservoir) are vibrating in phase.
The early studies on the effects of the reservoir on the response of dams considered a stiff and undeformable dam of various geometries [40, 39, 41, 2, 5] and concentrated on the prediction of the hydrodynamic pressures on the upstream dam face [28, 11, 12, 26] . Later studies considered a flexible dam [7, 25] and investigated the vibrations of both the reservoir and the dam structure. Over time various closed-form analytical solutions were proposed [40, 41, 6] for simplified problems, while more advanced numerical models [32, 18, 40] were adopted to consider the complicated interaction between the dam and the reservoir by discretising both domains. The latter were generally based on Finite [16, 34, 30] and/or Boundary Element [38] approaches.
Previous studies of DRI [5, 7, 17, 21, 20, 19] showed that the effects of DRI are more pronounced in concrete dams than in earth dams. For this reason, seismic analyses of earth dams have traditionally neglected DRI effects [31] . The early fundamental work of Chopra [7] is of particular interest, as it studied a model concrete gravity dam vibrating in its fundamental mode and examined its response for various combinations of the circular frequency of the applied harmonic load and the fundamental circular frequencies of the dam and the reservoir. The effects of this interaction are mainly focused on (a) the fundamental period of vibration of the dam-reservoir system (DRS) and (b) the magnitude of the dynamic response of the dam. It is generally believed that DRI firstly causes the DRS to soften, elongating its fundamental period of vibration, and secondly it alters the dam's response by amplifying or de-amplifying the seismic motion. Finally, monitoring data from forced vibration tests on real concrete gravity dams [8] showed that the measured natural period of vibration of dams was larger for a full reservoir than a partly filled reservoir [9, 15, 16, 35] .
A recent study by Pelecanos et al. [32] investigated the fundamental behavior of damreservoir systems under harmonic loads and examined the amplification of accelerations at steady-state conditions. Two general cases were considered of simplified model concrete cantilever and trapezoidal earth. The amplification of accelerations at the crest of the dam was explored under harmonic acceleration load for various combinations of the frequency of the harmonic load and the fundamental frequencies of the dam and the reservoir. It was found that DRI affects both the fundamental period of the dam and the amplification of accelerations within the dam structure and that these DRI effects are more pronounced for concrete cantilever dams than trapezoidal earth dams. This paper describes a further investigation of reservoir-dam interaction and its influence on the dynamic acceleration response of dams. It builds on the work of Pelecanos et al. [32] and extends that work to transient dynamic acceleration loads by considering seismic input motions. Similar to the study of Pelecanos et al. [32] , both rectangular cantilever and trapezoidal earth dams are considered. In all the performed analyses, both the dam and the reservoir rest on a stiff undeformable ground and therefore the effects of dam-reservoir-foundation interaction are not considered.
PROBLEM DEFINITION
The problem under study is shown in Figure 1 . A dam (1) rests on the ground (in this work, a stiff and undeformable foundation) (3) and retains a large amount of water in the reservoir (2) . Under seismic (or general dynamic) conditions, an acceleration motion from the ground (such as at point A) causes movement of both the dam structure and the reservoir. The critical question is how the motion of each domain (dam structure and reservoir) will be affected by the motion of the neighbouring domain, i.e. what is the effect of reservoir-dam interaction, especially on the accelerations of the dam crest (point B). Therefore, in this investigation, acceleration input motions are applied at the dam base (such as point A) and the accelerations at the crest of the dam (point B) are monitored and examined for different cases, with a full and an empty reservoir.
In all the analyses presented in this paper, the reservoir domain is modelled with 8-noded isoparametric displacement-based solid elements according as elaborated in Pelecanos et al. [30] . All the analyses carried out are two-dimensional plane-strain dynamic in the timedomain using the FE software ICFEP (Imperial College Finite Element Program) [33] . The time-integration scheme employed is the generalised α-method of Chung & Hulbert [10] which is able to use numerical damping to selectively filter high frequencies (spectral radius at infinity, ρ ∞ = 9/11, see Kontoe et al. [23] .
FINITE ELEMENT MODELS
Rectangular concrete dam
The first case considers a simple rectangular cantilever dam. The geometry of the cantilever dam is shown in Figure 2 . The region A-B-C-D represents the upstream reservoir, A-B-F-E represents the cantilever dam and F-G-H-C represents the foundation. The height of the dam is taken as, H=60m, the width of the dam is W=18m, the length of the reservoir, L=300m and the thickness of the foundation, T=18m. The reservoir length to height ratio is taken as, L/H = 5 according to the suggestions of Pelecanos et al. [30] for stiff dams with a vertical upstream face.
The material properties of the dam are taken as follows: Poisson's ratio, ν=0.3 and mass density, ρ=2500 kg/m 3 . Damping, ξ, of the Rayleigh type [8] is specified in the dam with a target value of 5%. The values for the two natural circular frequencies of Rayleigh damping, ω 1 and ω 2 , are taken as equal to the fundamental circular frequency of the dam, ω d , and the circular predominant frequency of the input excitation ω. The foundation is modelled as rigid and a high bulk modulus value is assigned, K = 10 8 K w = 2.2 10 14 kPa (where, K w = 2. 2 10 6 kPa is the bulk modulus of water) and a Poisson's ratio ν =0.4. The reservoir water is assumed to behave as a linear material with a bulk modulus, K w =2.2•10 6 kPa (the exact value for water) and a nominal value of shear modulus, G w =100 kPa [30] . The fundamental circular frequency of the reservoir, ω r is given by Equation 1 [5] (where, V p =1483 m/s is the p-wave velocity of water).
(1) It should be noted that the value of the elastic Young modulus, E, is altered in each analysis so that specific combinations of ω, ω r and ω d are achieved. This is discussed in more detail in Section 5.1. The fundamental frequency of the dam may be obtained from the EulerBernoulli or Timoshenko bending equations [35] .
Zero-thickness isoparametric interface elements [13] [33] are placed along the interface of the dam and the reservoir (A-B) and the interface of the reservoir and the foundation (B-C). The values assigned for the normal and shear stiffness of the interface elements are K N =10 8 kN/m and K S =1 kN/m respectively [30] .
The applied boundary conditions include: zero displacements in the vertical direction along the bottom boundary (G-H), and prescribed values of acceleration in the horizontal direction. Zero displacements are specified in the vertical direction on the upstream reservoir boundary, whereas the horizontal boundary condition applied on the upstream reservoir boundary (C-D) is the standard viscous boundary [22] [24] which is described by Equation 2 [30] . (2) where σ is a normal stress on the boundary, ρ is the density of the material the BC has been applied to (i.e. water in this case), V p is the p-wave velocity of the water (=1483 m/s) and ů is the velocity in the horizontal direction. More details about this BC may be found in Kontoe et al. [24] .
Trapezoidal earth dam
The geometry of the examined earth dam is shown in Figure 3 . The region A-B-C-D represents the upstream reservoir, A-B-F-E represents the earth dam and F-G-H-C represents the foundation. The height of the dam is taken as H=60m, the width of the crest of the dam W=18m, the breadth of the dam shoulders B=180m, the length of the reservoir L=300m and the thickness of the foundation T=18m. Note that the slope ratio, B/H = 1/3. The L/H ratio is taken as equal to 5 according to the suggestions of [30] for trapezoidal earth dams. The material properties of the dam are as follows: Poisson's ratio, ν=0.3 and mass density, ρ=2000 kg/m 3 . Similarly to the cantilever dam, damping, ξ of the Rayleigh type [8] is specified in the dam with a target value of 5% and the foundation is again modelled to behave as a rigid material. The boundary conditions are the same as the cantilever dam case: zero displacements are specified in the vertical direction along the bottom boundary (G-H), whereas the acceleration input motion is specified in the horizontal direction.
The value of the shear wave velocity, V s , is altered in each analysis so that specific combinations of ω, ω r and ω d are achieved. This is discussed in more detail in Section 5.2. The fundamental frequency of the dam may be obtained from the Ambraseys [1] equation [37] .
Again, interface elements are placed at the interface of the dam and the reservoir (A-B) and the interface of the reservoir and the foundation (B-C). Finally, the same boundary conditions are applied on the bottom (F-G) and the upstream reservoir (C-D) boundaries as with the previous case of the cantilever dam.
DAM-RESERVOIR INTERACTION UNDER HARMONIC LOADING
Pelecanos et al. [32] studied the response of both concrete cantilever and trapezoidal earth dams under harmonic loads. For both cases the amplification of accelerations at the crest of the dam was explored under harmonic acceleration load for various combinations of the frequency of the harmonic load, ω, and the fundamental frequencies of the dam, ω d , and the reservoir, ω r . To achieve these different combinations, the values of the elastic modulus, E, and of the shear wave velocity, V s , were altered in the case of the concrete cantilever dam and the trapezoidal earth dam respectively, to provide some specific values of the ratio of the fundamental circular frequency of the reservoir over the fundamental circular frequency of the dam, ω r /ω d , over the range of 0.25 to 4.
The applied boundary conditions included: zero displacements in the vertical direction along the bottom boundary (G-H), and prescribed values of harmonic acceleration in the horizontal direction, as given by Equation 3 . Different values of circular frequency, ω, were considered, for constant amplitude α 0 = 1 m/s 2 and for 40 cycles, in order to reach a steady-state response.
where, α is the input acceleration, α 0 is the amplitude of the harmonic load, ω is the circular frequency of the harmonic loading and t is the time.
Regarding the rectangular cantilever dam, Figure 4 (from Pelecanos et al. [32] ) shows the amplification of the accelerations at the dam crest, |F| with respect to the ratio of the circular frequency of the harmonic load to the fundamental circular frequency of the dam, ω/ω d , for various values of the ratio of the fundamental circular frequency of the reservoir to the fun-damental circular frequency of the dam, ω r /ω d . On the same figure, the corresponding amplification of a dam with an empty reservoir is plotted with a dashed line for comparison. The amplification spectrum (|F| -ω/ω d ) follows a similar trend for all the values of the examined ω r /ω d ratio. Namely, there are generally two peak values of the amplification as observed for the empty reservoir case. However, the magnitude of the peak values of the amplification and the value of the ω/ω d ratio at which they occur is different for different values of the ω r /ω d ratio.
Moreover, it is shown that the maximum value of amplification occurs in the region where ω/ω d ≈ ω r /ω d ≈ 1, i.e. where ω ≈ ω d ≈ ω r . This is due to resonance between the harmonic load, the dam and the reservoir. There are also large values of amplification for ω/ω d ≈ ω r /ω d (shown diagonally in the figure), i.e. where ω ≈ ω r . The value of amplification for the latter case (ω ≈ ω r ) can be larger than the amplification corresponding to the second mode of vibration (i.e. close to ω/ω d ≈ 4.7). However, it seems that in some cases (e.g. close to ω/ω d ≈ ω/ω r ≈ 3) there is a combined effect of (a) ω ≈ ω r and (b) the second natural mode of vibration of the dam.
Regarding the trapezoidal earth dam, Figure 5 (from Pelecanos et al. [32] ) shows the amplification of acceleration, |F|, at the dam crest with respect to the ratio of the circular frequency of the harmonic load to the fundamental circular frequency of the dam, ω/ω d for various values of the ratio of the fundamental circular frequency of the reservoir to the fundamental circular frequency of the dam, ω r /ω d . The amplification of a dam with an empty reservoir is also plotted with a dashed line for comparison. Similar to the case of the cantilever dam, the amplification spectrum (|F| -ω/ω d ) follows a similar trend for all the values of the ω r /ω d ratio. Namely, for each ω r /ω d ratio three main peaks can be identified in the amplification response, which correspond to the three first modes of vibration of the dam. In contrast to the case of the cantilever dam, the magnitude of the peak values of the amplification and the value of the ω/ω d ratio at which they occur does not seem to depend significantly on the ω r /ω d ratio. Overall, there are very small differences between the amplification spectra for different values of the ω r /ω d ratio. This suggests that the presence of the reservoir does not affect significantly the amplification (and hence the dynamic response) of the dam, for any value of the ω r /ω d ratio.
DAM-RESERVOIR INTERACTIOM UNDER SEISMIC LOADING
The investigation of Pelecanos et al. [32] was restricted to a harmonic load shaking a damreservoir system. However, since in reality dams are subjected to transient shaking, this study is concerned with seismic loading of reservoir-dam systems. The horizontal acceleration record of the El Centro (Imperial Valley, 1940) earthquake is used as the input motion. The acceleration time history of this motion is shown in Figure 6 , and the corresponding 5% damped response spectrum is shown in Figure 7 . As it is shown in the latter figure, there are two distinct peaks of spectral acceleration, S a for periods of 0.27s and 0.52s. The period for which the maximum value of S a occurs is considered to be the dominant period of the seismic load and it is T EQ = 0.52s. Following the investigation of Pelecanos et al. [32] for harmonic loading, both a cantilever and a trapezoidal earth dam are again considered. For each of the dam types, five cases are examined for various combinations of the frequency ratios ω/ω d and ω r /ω d , as listed in Table 1 and shown graphically in Figure 8 . These combinations are chosen based on the observations of Pelecanos et al. [32] concerning harmonic loading, i.e. large amplification of accelerations is expected for Cases A-D, whereas smaller amplification of the accelerations is expected for Case E.
Rectangular concrete dam
For the case of the cantilever dam, the model geometry shown in Figure 2 is employed. The imposed boundary conditions are described in Section 3.1. All five cases (Table 2) are analysed twice, with a full and an empty reservoir. In all cases, the elastic modulus, E, is varied for each case as listed in Table 2 , to achieve the combinations of frequencies listed in Table 1 . Figure 9 shows the acceleration time-histories at the crest of the dam (for both full and empty reservoirs), whereas Figure 10 shows the corresponding 5% damped response spectra. For the dam with a full reservoir and for all 5 cases (A, B, C, D and E), the peak value of amplification occurs at a value of the ω/ω d ratio smaller than the corresponding for the dam with an empty reservoir (see Figure 10 ). This suggests that the fundamental period of the dam is larger when reservoir-dam interaction is considered. The latter conclusion is in agreement with the earlier observation of Pelecanos et al. [32] (see also Figure 4 ) for harmonic load, i.e. the load resonates with the dam-reservoir system at a smaller value of natural circular frequency, therefore the fundamental period of the dam-reservoir system (i.e. dam with a full reservoir) is larger than that of a dam with an empty reservoir. Moreover, the value of amplification of accelerations is larger for cases A-D with a full reservoir than those with an empty reservoir ( Figure 10 ). This is again in agreement to the investigation of Pelecanos et al. [32] using harmonic loading (see Figure 4) , where higher values of amplification were observed for the frequency combinations of cases A-D for the dam with a full reservoir. Besides, for case E (i.e. for ω/ω d = ω r /ω d = 1/3), the amplification of accelerations is found to be smaller for a dam with a full reservoir than that for a dam with an empty reservoir ( Figure  10 ). This is again in agreement with the previous investigation regarding harmonic loading (see Figure 4) , where the amplification for ω/ω d = ω r /ω d = 1/3 was smaller in a dam with a full reservoir than a dam with an empty reservoir. 
Trapezoidal earth dam
For the case of the earth dam, the model geometry shown in Figure 3 is employed. The boundary conditions imposed are described in Section 3. Again, all five cases (Table 1) are analysed twice, with a full and empty reservoir. The shear wave velocity, V s , is changed in each case as listed in Table 3 , to achieve the combinations of frequencies listed in Table 1 , but in all cases keeping the value of the p-wave velocity of the reservoir constant, V p = 1483 m/s. Figure 11 shows the acceleration time-histories at the crest of the dam (for both full and empty reservoirs), whereas Figure 12 show the corresponding 5% damped response spectra. It may be observed from all figures that the observations for the cantilever dam case do not apply to the earth dam. Although some minor differences between the full and empty reservoir cases may be noticed in the acceleration time-histories (Figure 11 ), no major differences exist in the response spectra ( Figure 12 ). This means that both the frequency content and the value of amplification are not significantly affected by the presence of the reservoir, for all cases A-E, i.e. for various combinations of the frequency ratios. The previous conclusion of the negligible influence of the reservoir on the dynamic response of earth dams under harmonic loading from Pelecanos et al. [32] is therefore confirmed for seismic loading case as well.
The effects or DRI (both softening and amplification) are found to be insignificant for earth dams. This may be attributed to (a) the sloped upstream face and (b) the large volume of an earth dam. The hydrodynamic pressures induced on a sloped upstream dam face are smaller than those on a vertical dam face [42] . Moreover, the inertial effects from the additional mass from the reservoir are small compared to the inertia of a large earth dam. The second peak value of S a did not affect the results of this section, as no resonance was expected for the cases chosen.
CONCLUSIONS
This paper describes an investigation carried out to assess the effects of reservoir-dam interaction on the transient dynamic (seismic) behaviour of dams. The main aim is to examine whether the presence of an upstream reservoir alters the response of a dam and to identify the cases in which the dynamic reservoir-dam interaction may have detrimental effects. Both rectangular cantilever and trapezoidal homogeneous earth dams are considered under seismic loading. This study is an extension of the work of Pelecanos et al. [32] who considered harmonic loads of a wide range of frequencies. The main conclusions of this study may be summarised as follows:
 The effects of dam-reservoir interaction (DRI) under seismic load are very similar to the DRI effects under harmonic loads at steady-state and therefore this study confirms the findings of Pelecanos et al. [32] .  The effects of DRI are mainly related to (a) change of the fundamental period of the dam and (b) change in the amplification of accelerations within the dam structure.  DRI effects, in terms of both amplification of accelerations and change in the fundamental period, are more pronounced for cantilever dams. This could have an application on various water retaining structures with a slender cross-sectional geometry, such as arch dams, canal locks etc.  Generally, the presence of the reservoir "softens" the response of the dam, i.e. it results in a larger fundamental period, T d of the dam. This may be attributed to the added mass, m (see also Westergaard [40] ) of the reservoir which vibrates with the dam. In contrast, the reservoir does not provide any additional (shear or bending) stiffness, k to the dam (T d = 2 π √(m/k)).  The amplification of the input acceleration in a dam with a reservoir can be either higher or lower than the amplification in a dam with an empty reservoir. This depends on the relative magnitude of the dominant circular frequency of the load, ω, and the fundamental circular frequencies of the dam and reservoir, ω d and ω r respectively. 
NOMENCLATURE
